In this work, we study the lepton number violating W boson and top quark decays via intermediate on-shell Majorana neutrinos Nj into three charged leptons and a light neutrino. We discuss the neutrino oscillation effects present in the decay due to the small mass gap between the heavy neutrino states (∆MN ∼ ΓN ) . We focus on a scenario that contains at least two heavy Majorana neutrinos in the mass range ∼ 2−80 GeV. The results indicate that the modulation of the branching ratios as a function of the distance between the vertices may be detected in a future experiment such as High-Luminosity Large Hadron Collider. As a secondary result, the CP-violating phases could be explored.
I. INTRODUCTION
The neutrino oscillation [1] , Baryonic Asymmetry of the Universe (BAU) [2] and Dark Matter (DM) [3] are clear indications of physics beyond the standard model (SM). The discovery of the neutrino oscillation [4] [5] [6] [7] [8] [9] has proved the existence of the tiny neutrino mass and the flavor mixing which is one of the missing pieces of the SM. The seesaw mechanism is the natural way which leads to the dimension five Weinberg operator [10] to naturally understand the existence of the small neutrino mass. As a result we can extend the SM using SM-gauge singlet Right Handed Neutrinos (RHNs) to naturally explain the tiny neutrino mass using the seesaw mechanism [11] [12] [13] [14] [15] [16] [17] . In this model we introduce SM gauge-singlet Majorana RHNs N . Using the Dirac and Majorana mass matrices we can write the neutrino mass matrix as
Diagonalizing this matrix we obtain the seesaw formula for the light Majorana neutrinos as
The searches of the Majorana RHNs can be performed using the trilepton final state and decays of rare meson [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , rare τ decays [30] [31] [32] , same-sign dilepton plus dijet signal [33] [34] [35] [36] [37] , trileptons [38, 39] , however, those processes will be suppressed by the squared of the light-heavy mixing parameter |B N | 2 have been given in [40] using the data from the neutrino oscillation experiment [4] [5] [6] [7] [8] [9] , bounds from the Lepton Flavor Violation (LFV) experiments [41] [42] [43] , Large Electron-Positron (LEP) [44] [45] [46] experiments using the non-unitarity effects [47, 48] applying the Casas-Ibarra conjecture [49] . At this point we mention that [40] has a good agreement with a previous analysis [50] on the sterile neutrinos. In [40] we can put bounds on the light-heavy mixing angles using results from different experiments as shown in [44] [45] [46] [51] [52] [53] [54] [55] [56] [57] considering the degenerate Majorana RHNs.
In canonical seesaw, M N ∼ 100 GeV implies that the Dirac Yukawa coupling Y D between the SM SU (2) doublet leptons, SU (2) doublet Higgs and Majorana heavy neutrino could be O (10 −6 ). Such situation could also be improved if the mass matrices M D and M N have specific textures being enforced by some symmetries [58] [59] [60] [61] so that a large light-heavy neutrino mixing could be possible even at a low scale satisfying the neutrino oscillation data and allowing to explore the BAU by means of leptogenesis [62] . Such heavy neutrinos could also be produced at the high energy colliders through the same-sign dilepton plus dijet signal. However, the mass scale of the RHNs is not yet fixed therefore it is considered as a free parameter. Therefore for a heavy neutrino mass in the GeV scale or below the Dirac Yukawa coupling will be small to reproduce the correct SM light neutrino mass.
Through the seesaw mechanism, a flavor eigenstate (ν) of the SM neutrino is expressed in terms of the mass eigenstates of the light (ν i ) and heavy (N m ) Majorana neutrinos such as
where B i is the 3 × 3 light neutrino mixing matrix being identical to the PMNS matrix at the leading order if we ignore the non-unitarity effects. Whereas B N is the mixing between the SM neutrino and the RHNs, and we have assumed a small mixing, |B N | 1. Using the mass eigenstates, the relevant terms of the charged current interaction for the heavy neutrino is given by
where denotes the three generations of the charged leptons in the vector form, and P L = 1 2 (1 − γ 5 ) is the projection operator. Similarly, the relevant parts of the neutral current interaction is given by
where c w = cos θ w with θ w being the weak mixing angle.
In this paper we consider the RHNs having masses within m τ + m e < M N < M W − m µ to study their production from the W decay W → N (e), muon (µ), SM W boson and RHN masses respectively. Our paper is arranged in the following way. In Sec. 2 we review the bounds on the RHN mixing angles as a function of M N relevant with our study. We also include the new existing and prospective limits from the direct searches at high energy colliders. In Sec. 3 we calculate the different decay widths of the RHNs. In Sec. 4 we discuss the possibility of finding such RHNs from the t quark decay. Sec. 5 is dedicated for the conclusions.
II. CURRENT BOUNDS ON THE RHN MIXING ANGLES
The RHN mass (M N ) is a free parameter. Different choices had been considered in the previous literatures such as M N < 1 MeV [63] in the eV-seesaw models, however, the neutrino oscillation data rules out the possibility of the RHNs between 1 neV ≤ M N ≤ 1 eV [64] [65] [66] . The neutrinoless double beta (0ν2β) decay and the precision measurements of the β− decay energy spectra constrain the mixing between the RHN and the electron neutrino between 10 eV ≤ M N ≤ 1 MeV. The peak searches of the leptonic decay of the pions and the kaons constrain the mixing between the RHNs and both of the electron and muon neutrinos between 1 MeV ≤ M N ≤ 1 GeV. The beam dump experiments have searched the RHNs through the decays to put bounds on the mixing angle with all the flavors of the light neutrinos.
From the conventional seesaw mechanism we can write
which shows the scale of mixing between the light-heavy neutrinos. The limits obtained from Eq. 3 have been labeled as 'Seesaw' in Figs. 1-3 respectively.
The upper limits on the light-heavy mixing angles have been derived from the cosmological bounds on the RHN lifetimes from the Big Bang Nucleosynthesis (BBN) [67] [68] [69] . In the Figs. 1-3 we plot the upper bounds from different experimental (and prospective) studies on |B eN | 2 and |B µN | 2 . In Fig. 4 we plot the upper bounds on |B eN B µN |. A comprehensive discussion regarding the upper bounds on the mixing angles are also given in [70] [71] [72] .
In Fig. 1 we show the upper bounds on |B eN | 2 between the RHN and the light electron neutrino (ν e ). The heavy Majorana RHNs contribute to the 0ν2β decay [73, 74] amplitude through the mixing with the light SM neutrinos. The contribution is generated from the exchange of the RHN which depends on the square of the mixing (|B eNα | 2 ) between the light weak eigenstate (ν e ) and a heavy eigenstate (N αR ), M N and the Nuclear Matrix Element (NME) due to the RHN exchange [72, 75] . The combined search result of 0ν2β half life from the GERDA and Heidelberg-Moscow experiment [76] at the 90% C. L. can estimate the upper limit on |B eN | 2 with respect to M N . The estimated limits have been expressed as 'GERDA' using the red solid curve in Fig. 1 . Such bounds can be less constrained using the effect of cancellation of terms in the expressions of the 0ν2β in [72] followed by [77] using different elements and their isotopes in the presence of the Majorana phases. In this context we also mention that the generation of the Majorana mass term for the neutrinos from higher dimensional operators has been studied in Ref. [78] where 0ν2β can be observed at the tree level and loop level.
In Figs. 1-3 the 'BBN' in brown represents RHN lifetime greater than one second which is not preferred by the BBN results [67] [68] [69] . The exclusion region is shown in gray. The limits labeled by 'Seesaw' in green represent the scale of mixing from the canonical seesaw mechanism. In both of the cases, the exclusion regions are marked in gray. Such results of BBN and Seesaw may change in the presence of more than two generations of RHNs [79] .
The mixing between the light neutrinos and the RHNs can be probed through the weak decays of the mesons and the heavy leptons. Charged mesons can manifest 2-body decay modes into the RHN in association with a SM charged lepton ( ). In this case the corresponding branching ratio is proportional to |B N | 2 . In the meson's rest frame due to the presence of |B N | 2 a second monochromatic line in the lepton energy spectrum is expected at the lepton energy apart from the peak due to the active neutrino (ν i ). For the RHNs heavier than , the helicity suppression factor in the leptonic decay is diluted by
where m is the mass of [80] [81] [82] . This is why the sensitivity on |B N | 2 increases with M N with a relevant phase space. Such process is called peak search in meson decay [72] and schematized in Tab. I. The 3-body decay of µ can set limits on the mixing angles between the light-heavy neutrinos. In this case the Michel spectrum can be distorted by the presence of the a RHN [81] . The unstable RHNs can decay into visible particles through the light-heavy mixings. Therefore the corresponding decay rates are proportional to |B N | 2 . The RHNs can be produced at the semi-leptonic meson decays if kinematically allowed. Once produced from the meson decay, the RHNs decay into visible products like SM leptons, π and K. Such visible products can be searched from the beam dump experiments. In this case the detector is placed some distance away from the point of production. We have shown the 90% C. L. limits of such experiments in Figs. 1 and 2 . The contours are shown in the names of the corresponding experiments, such as PS191 [102] , NA3 [103] , CHARM [104] [105] [106] , IHEP-JINR [107] , BEBC [108] , FMMF [109] , NuTeV [110] and NOMAD [111] . Corresponding limits from NOMAD and CHARM are labeled in Fig. 3 . The PS191 [102] and CHARM [104] limits are shown assuming that the RHNs interact only via Eq. 1. The inclusion of Eq. 2 needs a new estimation of the bounds in the context of νSM which makes the bound twice stronger [112] . The excluded regions form the current experimental data are shaded in gray.
Long Baseline Neutrino Experiment (LBNE) (currently known as Deep Underground Neutrino Experiment (DUNE)) may probe smaller values of the mixing with a near detector [113] . The expected exclusion contour has been shown as 'LBNE' in each of Figs. 1-3 considering the normal mass ordering of the light neutrinos. The Lepton Number Violating (LNV) decays of the mesons (X) are forbidden in the SM. However, SM extended by the RHNs allows the LNV rare meson decays
. Such models will be interesting in the experiments like CLEO, Belle, BABAR and LHCb. The strongest bound is coming from the K → + + π − mode [70] as shown in Fig. 1 for = e and in Fig. 2 for = µ assuming a 10 meter detector size. The limits from the D and B meson decays [114] [115] [116] are weaker than the current LHCb bounds [117] . The revised LHCb bounds are shown in Fig. 2 using B − → π + µ − µ − with 3 fb −1 of integrated luminosity at the LHC Run-I with √ s = 7 and 8 TeV. The experimentally excluded parameter spaces are shaded in gray in Fig. 2 from [118] which has been obtained using proper decay width formulae for the RHNs having mass between 0.5 GeV ≤ M N ≤ 5 GeV and considering |B eN | = |B τ N | = 0. The revised limits for |B µN | 2 are obtained from Belle [93] in Fig. 2 are also shown in [118] . The revised Belle limits on |B eN | 2 in Fig. 1 are taken from [93] , see the erratum of [93] for more information. In this context, we also mention that LHCb upgrade with a detector length of L = 2.3 m, and the expected total number of produced B meson pairs N B = 4.8 × 10
12 may reach for |B µN | 2 the upper bounds of about 6 × 10 −6 for 1.7 GeV < M N < 2.5 GeV, coming from the rare lepton number violating decays of the B meson such as B → D * µµπ [28, 29] . The yellow dashed line represents the limits obtained from B → D * µµπ in Fig. 2 . The corresponding limits from B → µµπ are shown by the yellow dot-dashed line in Fig. 2 whereas the limits coming from B → Dµµπ are represented by the yellow dotted line. The future Belle-II sensitivity limits on |B µN | 2 from the lepton number violating decays of B meson are also shown in Fig. 2 from [29] . The corresponding decay modes are
We compare all these limits of the prospective Belle-II sensitivity in Fig −6 on |B µN | 2 . The decay length of the RHN can be shorter than the size of the detector. In that case the number of the signal events will be suppressed by the acceptance factor P N . On the other hand, if the decay length is larger than the detector size, the RHN will decay outside the detector and its detection will not be possible. In that case the signal events will be less. The limitation can be fixed by increasing the flux of the initial hadrons in a proposed fixed target experiment like SHiP [119] . In this case a high intensity proton beam is planned to be used at the CERN SPS. In this experiment the beam dump technique can help to get rid of the huge SM background to propagate the RHNs freely. Such an experiment can probe |B N | 2 below 10 −9 [120] . The corresponding projection contours are shown as 'SHiP' in Figs. 1-3. If no such decays are detected, these limits may soon significantly improve the present limits which are in black in Fig. 2 , where we note that the restrictive bounds from BEBC and NuTeV exist only up to M N ≈ 1.7 GeV.
τ can decay into N X where X stands for the hadrons. The mass and energy of X can be reconstructed at a high precision once it is hadronized into either of π or K. Using the τ decay mode of τ
have been shown in Fig. 3 . The limits have been labeled as B-factory. The optimistic projected limits have been produced at the 90% C. L. of nearly ten million of τ decays. The results from the peak search experiments are very strong because of the usage of the kinematic features and minimal assumptions regarding the decays of the RHNs as they are assumed to be produced on-shell. These limits are valid for the RHNs irrespective of the Majorana or Dirac type. The RHNs lighter than Z boson can be produced from the Z decay following the NC interaction given in Eq. 2. [121, 122] . The 95% C. L. limits on |B N | 2 were obtained from L3 [123] and DELPHI [124] analyzing the LEP data. These results were shown as the 'L3' and 'DELPHI' curves in Figs. 1-3. respectively.
A future search in the proposed FCC-ee experiment can improve the sensitivity down to |B N | 2 ∼ 10 −12 for all the neutrino flavors with RHNs between 10 GeV ≤ M N ≤ 80 GeV [125, 126] . The limits on the individual mixings were estimated assuming the normal mass hierarchy of the light neutrinos [125] assuming a 10 12 Z decays between 10 − 100 cm from the point of interaction. The sensitivity can be made better if the number of Z bosons (the range of decay length) are (is) increased which can reach at the theoretical expectation labeled as 'Seesaw' in the corresponding figures 
Le pto n-jet -1 3 The RHNs can affect the electroweak precision searches due to its mixing with the SM light neutrinos. The observation takes place through the invisible decay of the Z boson [127] [128] [129] . |B N | 2 also affects the unitarity of the lepton mixing matrix [47, 48, 130] . The presence of the mixing affects the lepton universality in the leptonic and semi-leptonic decays of the pseudoscalar mesons [129] [130] [131] [132] . Stringent constraints are derived on |B N | 2 using the global fits to the Electroweak Precision Data (EWPD) at the 90% C. L [45, 46, 51, 133, 134] . The results are labeled as 'EWPD' in Figs. 1-3. For M N > M Z , these limits are independent of RHN mass, however, a mass dependence is observed for M N < M Z .
Direct collider searches for the Majorana type RHNs are performed by the LHC at the CMS [135, 136] for M N ≤ 80 GeV. These mixing bounds from the CMS at the √ s = 8 TeV are calculated for the same sign dilepton plus dijet final state which are labeled as 'CMS8ee' in Fig. 1 for the e flavor using yellow dashed curve and 'CMS8µµ' in Fig. 2 for µ flavor using the red dot-dashed curve respectively. Limits for the RHNs using the lepton-jet technique for the µ flavor are shown in Fig. 2 between 5 GeV ≤ M N ≤ 25 GeV at the 13 TeV LHC and a prospective 100 TeV proton proton collider [137] . The exclusion limits at the 13 TeV LHC (100 TeV) are represented by 'Lepton-jet-13' ('Lepton-jet-100'). The prospective bounds obtained at a future 100 TeV proton proton collider are better than those obtained at the 13 TeV LHC for M N > 15 GeV using the lepton-jet [137] . The current limits are obtained from the CMS at the 13 TeV using the same sign dilepton [138] and trilepton [139] modes. The limits from the same sign dileption on |B N | 2 using the e flavor is marked as 'CMS 13ee' in Fig. 1 . This limit is shown by the red dashed curve and it is weaker than the DELPHI limits roughly by one order of magnitude. The 'CMS 8ee' results match with 'CMS 13ee' for M N ≥ 60.2 GeV. The same sign dilepton limit from the µ flavor is marked as 'CMS 13µµ' and represented by blue dashed curve in Fig. 2 luminosity. The ATLAS results at 8 TeV with 20.3 fb −1 luminosity are studied in [57] considering RHNs heavier than the SM Z boson (100 GeV ≤ M N ≤ 500 GeV), however, that mass range is beyond the scope of this paper. The trilepton bounds for the Majorana neutrinos are taken from the CMS analysis [139] at the 13 TeV LHC with a luminosity of 35.9 fb −1 . The limits on |B eN | 2 are shown in Fig. 1 by 'CMS13-3L-e' with red dot-dashed curve. In this trilepton case the first two leptons associated with RHN are of the e flavor. This result is better than those of the 'DELPHI' results between 15.6 GeV ≤ M N ≤ 24.0 GeV and 'L3' results are better than this for M N ≥ 72.8 GeV. The trilepton case, where the first two leptons associated with the RHN are of the µ flavor, puts bounds on |B µN | 2 in Fig. 2 . It is designated by solid cyan curve and 'CMS13-3L-µ'. This is better than the 'DELPHI' limit for M N ≥ 48 GeV, however, 'CMS8µµ' is better than this limit for M N ≥ 73 GeV. We can compare the dilepton and trilepton limits because both are probing the Majorana nature of the RHN through the LNV mode.
For the seesaw scenario Y D is a 3×3 non-diagonal matrix. We consider m N as a 3×3 diagonal matrix so that a flavor non-diagonal scenario can be studied as done in the Ref. [40] for a minimal scenario. We briefly summarize the current experimental bounds on the mixing angles in Fig. 4 coming from the LFV processes such as µ → eγ using [70] [71] [72] considering RHNs between 0.1 GeV < M N < 80 GeV. The non-unitarity of the lepton mixing matrix put constraints on the mixing matrix according to [47, 130, 140] . Using the current µ → eγ branching ratio from [141] and following exactly the same procedure mentioned in [71] we update the current limit for on the mixing angle (|B eN B µN |) for the RHNs from leptonic non-unitarity. The corresponding bounds have been labeled as 'Unitarity' in Fig. 4 . The light RHNs can be produced from the meson decay [86, 90, 142] in association with the . The shaded regions are excluded by the K meson decay searches from PS191 experiment [102] , D meson from CHARM [104] and NuTeV [110] . These results were collected at the 90% C. L. In PS191 experiment Dirac type RHNs were studied between 10 MeV < M N < 400 MeV for the LFV signals. Such bounds can be converted into the Majorana ones just roughly multiplying by a factor of 2 to obtain the results for e ± µ ± final sates from the Majorana RHNs. In a similar way the limits for the characteristic LFV signal for the Majorana RHNs can be extracted from the CHARM and NuTeV experiments. The non observations of the e ± µ ± final sates from the meson decays set very strong limits for the RHNs between 0.001 GeV < M N < 2.0 GeV. RHNs lighter than the Z bosons are constrained by the Z → N ν searches at DELPHI [124] at the 95% C. L. For M N < 2 GeV, the constraints set by DELPHI are weaker than those obtained by the peak search experiments. The SN1897A data can put limits on |B eN B µN | [69, 91, 143, 144] . Cosmological studies also put strong limits on the mixing angles as discussed in [79, [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] . Current (future) limits from µ → 3e, µ → e can be found from [71] and [156, 157] and are represented by the solid (dashed) curves.
Bounds from the SM Higgs (H) decay into RHNs are also interesting in this context when H → N ν, N → ν can be produced at the colliders for the RHNs between 10 GeV < M N < 80 GeV [52, 55, 56] . It shows that the LHC Higgs searches at the 8 TeV (Higgs8) and 14 TeV (Higgs14) can put constraints on the mixing angles if H decays into RHNs through the Yukawa coupling in Fig. 4 . The prospective 100 TeV proton proton collider at high luminosity (30000) fb −1 could probe the mixings better than the current limits for RHNs with M N > 40 GeV at the high luminosity (Higgs100HL). The 100 TeV results at the 3000 fb −1 luminosity will have lower sensitivity (Higgs100). The detailed analyses of these results are given in [55] . Direct experimental search for the Majorana RHNs at the LHC is performed by the CMS with 13 TeV energy and 35.9 fb −1 luminosity for the LFV same sign dilepton with e ± µ ± in the final state [138] . This limits are denoted by 'CMS−13 − eµ' and represented by a black dotted curve from M N ≥ 20 GeV in Fig. 4 . This result is stronger than the LFV 'DELPHI' limits for M N ≥ 44 GeV and weaker than µ → e(T i) for M N ≥ 57 GeV. The mixing limits from the τ decay into hadrons in association with e and µ are shown in Figs. 5 and 6 respectively from BABAR [70, 158] . The limits on τ → eππ, τ → eπK, τ → eKK and τ → e − π + π + are shown in 
III. PRODUCTION OF THE RHN
As we stated above, we are interested in studying the Lepton Number Violating (LNV) and Lepton Number Conserving (LNC) in W ± boson 1 decays mediated by at least two heavy Majorana neutrinos.
A. W ± Boson Decays
The relevant Feynman diagrams for these processes are presented in Fig. 7 1 In Appendix D we extend the formalism to top quark decays. In order to obtain the decay amplitude we have to write down all the relevant quantities. The neutrino flavor state is
where B Nj are the the heavy-light mixing elements of the PMNS matrix, which can be written as
From now on, we will use (LV) and (LC) instead (LNV) and (LNC) in the equations, in order to have a shorter notation. The averaged square amplitudes for lepton number violating and lepton number conserving decay processes, involving n sterile neutrinos, are
Here k
are given by Eqs. (A1) and (A2), respectively, which are presented in Appendix A. The factorsḠ Ni are the heavy neutrino propagators
where Γ Ni is the total decay width of the intermediate Majorana neutrino, which can be approximated as follows [21] 
where the coefficients K Ma i are given by
Here, the factors N Ma i are the effective mixing coefficients, which account for all possible decay channels of N i and are presented in Fig. 8 for our mass range of interest. We also notice that charge-conjugate processes satisfy the symmetry relations
where overbar denotes the sum over the final and average over the initial helicities. The W ± boson decay widths, neglecting the effects of heavy neutrino oscillations, are
Here d 4 denotes the number of states available per unit of energy in the 4-body final state and is given as follows
From now on we will work in a scenario with two heavy neutrinos in the mass range M Ni ∼ 1-80 GeV. Therefore, after the integrations are implemented, the decay widths are
Here θ LV and θ LC are the CP violating angles and are given as follow
The factor . The factor η(y) parametrizes the deviations from the Narrow Width Approximation (η = 1) and is discussed in detail in Appendix B. Here X = LV, LC and Γ Ma (M N ) = (Γ Ma (M N1 ) + Γ Ma (M N2 ))/2 is the average heavy-neutrino total-decay-width. The kinematical functions Γ LV and Γ LC can be written as
where the quantities with tilde Γ do not have explicit dependence on the mixing elements |B Ni | and are given by
The dimensionless quantity Int introduced in Eq. (20) is
where (E ) max , is the maximal value of E in the rest system of heavy neutrino
and the dimensionless coefficients z max (E ), z min (E ) andĀ j (j = 0, 1, 2) in the integrand of Eq. (21) are given in App. C. We noticed that when M N M W and m = 0 the Eq. (20) can be approximated as
and when, in addition, m 2 = 0, this expression simplifies further
In Figs By replacing Eq. (19) and Eq. (20) in Eq. (18) we find
It is important to remark that differences between Γ LV (W ± ) and Γ LC (W ± ) manifests themselves only in the C P phases (θ LV and θ LC ) present in Eq. (15) . Finally λ
B. The effects of heavy neutrino oscillations
In order to account for the effects of heavy neutrino oscillations, we will follow the approach for two flavor presented in Ref. [23] . From now on, we will consider the case when 1 = µ, 2 = τ and = e (m e ≈ 0), the heavy neutrinos N 1 and N 2 are almost degenerate and simultaneously the degeneracy level (|∆M N |) is significantly larger than the neutrino decay width Γ N , which is very small. In addition, for the oscillation to be well defined, we require that the heavy neutrino decay after one or more oscillation cycles. It means that decay length λ i = β Ni γ Ni /Γ Ni , which is the typical distance between the vertex where N is produced and the vertex where it decays, must be much greater than oscillation length
. At this point we mention that heavy neutrino-antineutrino oscillation has been studied for the low scale seesaw model in [153] considering long lived heavy neutrinos so that displaced decay of the heavy neutrino can be observed. The aforementioned sentence can be summarized as
It is clear from Fig. 16 that under the conditions presented in Eq. (27) the factors δ 12 and η(y) y becomes very small and can be neglected. Furthermore, the heavy neutrino masses can be regarded as M N ≡ M N1 ≈ M N2 . As a result, the decay width Eq. (15) is reduced to the following form
It is important to point out that Eq. (28) does not yet contain the acceptance factor P N , which accounts for the fact that the decay will be detected only if the on-shell neutrino decays during his passage through the detector. The probability P Ni as function of the distance L of decay of N i is Combining the acceptance factor Eq. (29) and the decay width shown in Eq. (28) we get the effective decay width
We noticed that, even if the coefficients N
are common for both neutrinos, the factor P Ni , is not the same because the mixings B N1 and B N2 can be, in principle, different for the two neutrinos, and therefore the two mixing factors K Ma i (i = 1, 2) may differ significantly from each other. However, from now on we will assume that K Ma 1 ≈ K Ma 2 . Hence, the effective differential decay widths, with respect to the distance L between the two vertices 3 The present mixing limits are presented in Fig. 1 and Fig. 2 and the corresponding effective mixing coefficients in Fig. 8 .
of the processes, are
Up to now, we have not considered the N 1 − N 2 oscillations effects. As we mentioned before, these effects have been studied in detail in Ref. [23] and as there, it is straightforward to show here that, for the W ± X decay, the L dependent effective differential decay width considering heavy neutrinos is
where
and X = LV, LC. Integrating the Eq. (32) over dL up to the full length 4 L, we find
In Eq. (33) we neglected the relative corrections
Finally, the branching ratio including the heavy neutrino oscillations effects are
The above analysis can be extended to the top quark decays (see App. D for details).
IV. DISCUSSION AND RESULTS
In this Section we use the main results obtained in Sec. III in order to provide suggestions for future searches. The upcoming experiments at the High-Luminosity Large Hadron Collider (HL-LHC), proposed at CERN [159] , are expected to collect ∼ 10 11 W ± bosons [160] . Such a huge amount of W ± particles opens a new window to explore the rare W ± decay parameters. In Fig. 11 we present, for a representative choice of parameters, comparison between the differential decay width expected for W + decays as a function of the detector length L: neglecting the oscillation effects in Eq. (31) and considering them in Eq. (32) .
The presence of oscillating terms in Eq. (32) is manifested in the decay width Eq. (33) as a modulation. The existence of such oscillating terms, if detected separately for W − and W + , may even allow us to explore, as a secondary result, the CP-phases (θ LV and θ LC ) for a given neutrino mass M N and mixings |B N | 2 , cf. (Eq. (32)). We recall that the factor sin θ X appears in the CP asymmetry factor A CP
where the proportionality factor P ∼ 1 depends on ratios of mixings. We note that in all these cases, the oscillation length
N , i.e., it decreases fast when M N increases. We further note that at increased values of M N the oscillation effects, especially in the differential decay width, are more difficult to discern due to exponential attenuation. Br osc In Fig. 15 we show in the top two panels contour plots for branching ratios Br osc (W + ) as a function of L and θ for various fixed values of M N and |B N | 2 , and in the lower two panels the difference Br
. We wish to point out that the considered number ∼ 10 11 of produced W ± in HL-LHC is probably an optimistic expectation; due to possible background and detector performance problems the effective number of W ± may be significantly lower. Finally, we point out that the possibility to detect heavy neutrino oscillations in rare top quark decays (cf. Appendix D) is low due to the relatively small number of expected produced top quarks to be collected in the future experiments. The averaged squared amplitudes for general processes involving n sterile neutrinos are
Appendix B: Delta Function Approximation for the Propagator Product
The off-diagonal elements in Eq. (13) can be separated in two different terms, one containing cos(θ X ) and the other one sin(θ X ). The former is proportional to the factor δ 12 which was discussed in Sec. III after Eq. (15) and the latter is proportional to the factor η(y)/y appearing in the expression Ω which is the imaginary part of a combination of the propagators of N 1 and
In the narrow width approximation (NWA), η(y) = 1. NWA is valid only when Γ N ≡ (Γ N1 + Γ N2 )/2 |∆M N | (where ∆M N ≡ M N2 − M N1 ). It turns out that η(y) = y
where y ≡ |∆M N |/Γ N . The values of η(y) were evaluated numerically in previous works [20, 21, 30, 61] using finite ∆M N , and in Ref. 
Appendix C: Kinematical function for numerical integration
Numerical integration functions mentioned in Sec. III are
and the (dimensionless) coefficientsĀ j (j = 1, 2) in the integrand of Eq. (21) arē
and the (dimensionless) functionĀ 0 (E ) in the integrand of Eq. (21) is
where the constantĀ 0 (0) is The relevant Feynman diagrams the rare top-quark decay are presented in Fig. 17 t(p t ) 
where the top decay width is given by [161] Γ 
By means the same procedure followed in sec. III the top and anti-top decay width can be written as 
Here, (X = LV, LC) and the function F t(p t ) is given by
Therefore, the oscillating branching ratios are
